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Effects of nitrogen doping on device characteristics of InSnO thin film transistor
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The effects of nitrogen doping on the performance of InSnO thin film transistor were investigated. When the nitrogen was doped in the InSnO channel, device characteristics such as turn-on voltage, subthreshold swing, field effect mobility, and on/off current ratio were enhanced. The N 2 insertion in the deposition process decreased the density of the interface trap states and enhanced the crystallinity of the InSnO channel layer. These results indicate that device characteristics can be improved by nitrogen doping in the deposition process. In 2 O 3 -based materials, such as InZnO, InGaZnO (IGZO), and InSnO (ITO) thin films have been studied as the channel layer due to high mobility and low temperature fabrication process. [2] [3] [4] [5] Although several studies of the ITO channel have been performed, ITO has been primarily used for the transparent conductive electrodes. 5 Since ITO thin film can be adopted as channel and electrode, the application of the ITO thin film as a channel layer should be studied. The research on doping in ITO channel has not been reported, despite the fact that doping is essential for applying ITO as a channel layer. In previous reports, nitrogen and ammonia gas were injected during the deposition process to improve the performance of ZnO and IGZO TFTs. [6] [7] [8] The nitrogen-doped IGZO (IGZO:N) TFT has superior reliability compared with the IGZO TFT due to the reduced oxygen absorption/desorption reaction to the atmosphere. 7 The ammonia-doped IGZO TFT has the improved electrical properties as a result of the passivation of the traps in the IGZO channel and at the interface of the IGZO/gate dielectric due to the formation of O-H bonding and Zn-NH x bonding; 8 however, the reason for enhanced mobility has not been studied yet. In this study, nitrogen-doped ITO (ITO:N) TFTs were fabricated at room temperature, and the effects of nitrogen on the device characteristics of the ITO:N TFT were investigated comprehensively via chemical and structural analyses.
The TFT devices were fabricated on a 300-nm thick SiO 2 /heavily doped p-type Si substrate. The 25-nm thick ITO and ITO:N channel layers were deposited by dc magnetron sputtering with 80 W at room temperature. The Ar flow rate was fixed at 20 sccm, and the O 2 flow rate was varied from 4 to 5 sccm. In order to form the ITO:N thin film, N 2 was inserted into the chamber at a flow rate of 5 sccm. Al was deposited for the source and drain electrodes by thermal evaporation through a shadow mask. The channel length and width of the tested TFTs were 100 and 1000 lm, respectively. The thickness of the channel layer was measured using an ellipsometer (Rudolph Auto EL II). X-ray diffraction (XRD) was performed using Ni-filtered CuKa (k ¼ 1.54056 Å ) and x-ray photoelectron spectroscopy (XPS) was also performed using Al twin anode x-ray sources (AlKa line ¼ 1486.6 eV). The electrical characteristics of the TFTs were measured using a Keithley 236 source measure unit. Fig. 1 shows the transfer characteristic of the ITO TFTs varied with O 2 flow rate. As the O 2 flow rate increased from 4 to 5 sccm, the turn-on voltage (V on ) was positively shifted from À16.0 to À0.4 V, and the on-state current was reduced. The field effect mobility (l FE ) was reduced from 12.8 to 6.5 cm 2 /VÁs, and the subthreshold swing (S SUB ) was decreased from 2.37 to 1.61 V/dec, respectively. The on/off current ratio (I on/off ) was maintained as 2 Â 10 6 . Because the carrier concentration in the ITO thin films is originated from oxygen vacancies, 5 the increase of O 2 flow rate suppressed the carrier concentration in the channel layer and affected the positive shift of the V on and the decrease of l FE . The reduction of S SUB with the O 2 flow rate was due to the decrease of density of interface trap states between the channel and the dielectric layer. 9 The ITO:N channel was prepared in order to enhance the performance of the TFT device. Fig. 2 shows the XRD spectra of the ITO and ITO:N thin films. The ITO thin film showed polycrystalline phases including ITO peaks with (2012) with the nitrogen, the ITO peaks with (411) and (431) were dominant, and the other peaks were disappeared. It was shown that ITO thin film was composed of several small grains compared than ITO:N thin film. Based on the Scherrer equation, 10 the grain sizes derived from the (411) diffraction peak were increased from 24.8 to 25.6 nm. It indicates that the nitrogen doping enhanced the crystallinity of the ITO channel layer and reduced the grain boundary scattering. Fig. 3 shows the XPS spectra of the O 1s of the ITO and ITO:N thin films after Ar ion sputtering. The binding energies of the core levels were calibrated by setting the C 1s peak to 285 eV. The O 1s peak was decomposed into two components at 530.3 and 531.1 eV. The peak located at 530.3 eV was associated with In 2 O 3 , and the peak located at 531.1 eV was assigned to the oxygen deficient In 2 O 3Àx . 11 When the N 2 was doped in the ITO thin film, the intensity ratio of the oxygen deficient In 2 O 3Àx was increased. As the O 2 flow rate was increased in the ITO:N thin film, the intensity ratio of the oxygen deficient In 2 O 3Àx was decreased. It indicates that the variation of the carrier concentration in the ITO:N thin film was affected by N 2 insertion and the O 2 flow rate. When nitrogen was incorporated in the ITO thin film, oxygen vacancies were occupied by nitrogen. 12 However, the carrier concentration in the ITO:N thin film was decreased due to reduced oxygen partial pressure by the inserted nitrogen. The N 1s spectra of the ITO:N thin films are shown in the inset of Fig. 3 . The N 1s peak was decomposed into two components at 396.2 and 397.3 eV, which were associated with In-N bonding and N-O bonding, respectively. 13 The peak located at 402.7 eV was interpreted as unbound nitrogen. 13 As the O 2 flow rate was increased in the ITO:N thin films, the intensity ratio of the In-N and unbound nitrogen was decreased and that of N-O bonding was increased. Fig. 4 shows the transfer characteristics of the ITO:N TFTs. When the N 2 was doped in the ITO thin film, V on was negatively shifted from À0.4 to À11.6 V and the on-state current was increased. The negative shift of V on in the ITO:N TFT was due to the increase of carrier concentration, which was confirmed by the change of oxygen deficient In 2 O 3Àx in the XPS spectra. The S SUB was reduced from 1.61 to 1.29 V/dec. The enhancement of S SUB was attributed to the decrease of density of interface trap states between the channel and the dielectric layer due to the N 2 insertion. The nitrogen doping in the channel passivated the traps in the ITO channel and at the interface between the ITO and the gate dielectric by the formation of In-N bonding. 8 The l FE and I on/off were increased to 16.0 cm 5 , respectively. The change of device performance parameters of ITO:N TFT with varying the O 2 flow rate was similar to those of ITO TFT. As above mentioned, it was due to the decrease of carrier concentration in the channel layer, and the density of interface trap states between the channel and the dielectric layer. In addition, the increased grain boundary scattering affected the mobility of ITO:N TFT depending on the O 2 flow rate. The performance parameters of the TFTs are summarized in Table I .
The output characteristic of the ITO:N2 TFT is shown in Fig. 5 . The ITO:N2 TFT showed the clear pinch-off and excellent drain current saturation behavior with enhancement mode operation, indicating that the channel layer was completely controlled by the gate and drain voltage.
The ITO and ITO:N TFTs were fabricated by sputtering, and the effects of nitrogen doping on the device performance were investigated. When nitrogen was doped in the ITO channel, the carrier concentration was increased due to reduced oxygen partial pressure and the crystallinity was enhanced. The traps in the ITO channel and at the interface between the ITO channel and the gate dielectric were reduced by nitrogen passivation. V on was negatively shifted, and S SUB , l FE , and I on/off were enhanced in ITO:N TFT, and the ITO:N TFT fabricated at room temperature described in this . Therefore, these results demonstrated that the device characteristics of the ITO TFT can be controlled and improved by nitrogen doping during the deposition process. 
